For most of their energy requirements, greater part of remote communities and small islands around the world rely on imported fossil fuels. The economical cost of energy is therefore very high not only due to inherent cost of fuel, but also due to transportation and due to maintenance costs. One solution for saving fuel in a diesel generator is to allow the engine to operate directly in relation to the request for electrical load at variable speeds. Genset-Synchro Technology has developed an innovative variable speed generator technology (patent pending) that allows applications where power demand varies widely to benefit from the new technology that maintains constant voltage and frequency while adjusting the generator stator speed to power demand. This paper will present an innovative approach for optimizing the energy production based from the fact that the structure that contains the stator windings of the generator is mounted on roller bearings, which allows its free rotation around the axis of the rotor, consequently stopping the stator structure from being static and aims to minimize the unit cost of electricity. Case study on application in remote area in the north of Quebec is described. A saving of 7% -9% on fuel consumption and greenhouse gas (GHG) under low winter ambient temperatures has been registered.
Introduction
Most remote and isolated communities or technical facilities (communication relays, meteorological systems, tourist facilities, farms, etc.) not connected to national electrical grids rely on diesel generators to generate electricity [1] . About 200,000 people in Canada live in more than 300 remote communities (Yukon, Northwest Territories, Nunavut, etc.) that use diesel-generated electricity, which is responsible for the annual emission of 1.2 million tons of greenhouse gases (GHGs) [2] . There are more than 14,000 subscribers scattered in about 40 communities in Quebec that are not connected to the main electrical grid. Each community is an autonomous network using diesel generators to generate electricity [3] . The diesel generating units, while requiring relatively little investment, are generally expensive to operate and maintain, especially when operating at partial load on a regular basis [4] . Under weak operating factors, the use of diesel power generators accelerates wear and increases fuel consumption [5] .
Over the past few years, oil prices have reached historic highs, peaking at Canada (http://www5.statcan.gc.ca), the decline in crude oil prices is not felt at the pump in this region. However, the pump price gasoline only decreased by 11.8 C/L from a high of $112 per barrel to a low of $35 per barrel in December 2015. Therefore, the decrease in oil prices has not greatly affected the price of diesel fuel, which implies that the electrical energy produced using only oil as energy source will always remain expensive, at any cost of barrel [6] . According to Hydro Quebec, extending the main grid to these isolated areas will cost around (1 M $/ km), which is impossible to do with the actual economic instability. Classic diesel generators are equipped with synchronous generators based on internal combustion engines; therefore, fixed speed operation is necessary.
During low load operations, they operate inefficiently, Figure 1 [7] .
In emergency power applications, it is not critical, but very important in continuously operated systems, where fuel consumption is an important economic and logistical aspect. Indeed, remote areas with relatively small communities generally show considerable variation between peak load time and minimum load time [8] . A typical example of a remote community's load profile in northern Quebec is shown in Figure 2 .
In our project, we investigate another possibility that, when coupled to a DG operating in power unit, Figure 3 , the Genset-Synchro alternator can operate at variable speeds without the need for costly power electronics components to generate a constant frequency on the terminals of the generator. The system can The Genset-Synchro concept has two international patents, including Canada the US [9] [10].
The objective of this study is to demonstrate that the Genset-Synchro concept can reduce the fuel consumption and the GHGs when applied to a diesel generator (DG). The structure of the present article is as follows. Section 2 presents the design approach of the Genset Synchro and its principal control. In Section 3
we present the bench test and the profile of the remote area in the northwestern Quebec. Section 4 presents the case study and we discuss the results obtained in order to demonstrate the efficiency of the Genset-Synchro technology for DG applications. Finally, in Section 5, we provide a preliminary conclusion and a perspective for the future work.
The Design Approach of the Genset-Synchro Alternator
The Genset-Synchro approach is a power unit control system based on new alternator design with a highly original concept to power generation. Changes to the structure holding the stator windings are the guiding principle behind the Genset-Synchro application where this structure now rotates freely in relation to the rotor and frame. An additional motor driven by a dedicated automatic controller assign the speed, desired position or acceleration of the stator structure. The concept ensures regular wave quality irrespective of rotor speed variations. As in conventional technologies, no energy passes through electronic equipment.
A synchronous alternator transforms the mechanical energy from a diesel engine into electrical energy to generate electricity in a power unit [11] . When this alternator integrates the concept of Genset-Synchro, the synchronous speed can remain constant by:
• Control of rotor speed only (existing design).
• Control of stator speed only (new design) [9] [10] [11] .
• Control of both speeds simultaneously (new design) [9] [10] [11] .
With the Genset-Synchro concept, the synchronous speed of a three-phase alternator can be controlled by controlling the stator's mechanical speed. Furthermore, since the Genset-Synchro is completely independent of the drive mechanism, it can be adapted to any type of rotor speed control and integrated into any type of power generation unit such as wind turbine, hydraulic turbine and gas turbine, etc. Figure 4 shows a prototype of the Genset-Synchro alternator with the main system components.
The electrical machine (compensating motor) is firmly fixed in an enclosure attached to the top of the synchronous motor enclosure using assembly means consisting of brackets and bolts such that the electrical machine's output shaft is mary pulley is fitted to the distal end of the stator shaft reaching outside the synchronous alternator enclosure and the top pulley is adapted to the electrical machine's output shaft so that both pulleys are aligned vertically. The timing belt links the two pulleys for one to drive the other. In Figure 5 , the controlling unit receives an encoder feedback signal that senses the stator's position or velocity.
In this case, the encoder is placed on the rotor to detect the rotor's position, and thus the speed. Additionally, the controlling unit refers to the produced alternating current as a feedback. According to the feedback signal, the controlling unit creates a control signal which is inputted to a variable speed drive in order to control the speed rotation of the electric machine and thereby the speed of the stator.
For example, the controller can be supplied as a programmable logic controller, a computer or any other processing unit. Typically, the variable speed drive is powered by the alternator's electrical current and the frequency regulation consumes part of the power produced. By controlling the rotation of the stator example, the velocity of the rotor decreases due to weak winds, e.g. at 1500 RPM, the stator rotates in the opposite direction to the rotor at 300 RPM. Figure 6 shows the schematic of the test bench, while Figure 7 shows the unit employed in the remote communities at James Bay in the northwestern Quebec. It consists of an 800 hp diesel engine (C-18 model Tier III from Caterpillar) as a prime mover coupled to a synchronous alternator of 575 kW (made by the French company Le Roy Somer). A compensating motor (100 hp) provides the necessary rotation speed of the synchronous alternator stator fixed on the top of the alternator and coupled to a three-phase drive. The diesel engine was instrumented by a differential flowmeter with a torque sensor and speed sensor, while the output of the synchronous alternator was instrumented with a power analyzer, Figure 8 . Moreover, a combustion flue gas analyzer (Testo 350) was used to evaluate the impact of the Genset-Synchro technology in GHGs emissions.
Genset-Synchro Application for Power Units: Description of the Test Bench

Description of the Remote Communities
Highway 381 is a rest stop on the James Bay Highway in northwestern Quebec, Figure 9 . It includes buildings including a hotel, a cafeteria, garages, a service In order to minimize fuel consumption, GHG emissions and reduce the environmental impact of emissions, it has been proposed to replace diesel generators with electrical equipment (extension of the electricity network). While waiting for the project to be adopted and financed, it has been proposed to ensure the electrification of the site by the GS500X unit from Genset-Synchro Technology which, has demonstrated on a prototype of 500 kW fuel savings by mean of 12% [13] .
Discussion
Roadstop's km 381 location is characterized by extremely cold winter temperatures that reach −30˚C during the months of January and February. In this section, recorded data are intended to evaluate the performance of the GS500X unit under low registered temperatures with three different stator speed. Attention is given to fuel consumption, GHGs emission and for the total harmonic distortion (THD) at the output of the generator. To do, the standard IEEE-519-2014 is considered as reference [14] .
Fuel Consumption Analysis
Since the Caterpillar C-18 Tier III diesel consumption curve was determined with an ambient temperature of 16˚C (according to the manufacturer manual), it was necessary to redefine this consumption curve in a cold climate to better identify the impact of Genset-synchro technology compared to the standard Genset mode under the same weather conditions. To do this, the generator was employed in standard mode (fixed stator) during the day of February 2019 for 24 hours without interruptions. The recorded data (the longest in terms of operation) are shown in Table 1 including the minimum and maximum recorded ambient temperatures.
According to Table 1 , the fuel consumption is higher than that defined by the manufacturer by 9.5%, (according to the manual owner). This can be explained by the fact that low temperatures have an impact on the density of the fuel (for Figure 10 shows a comparison of fuel consumption at +15˚C (according to the Caterpillar fuel consumption curve) and −22˚C for the same DG.
Effect of the Genset-Synchro Technology on Fuel Consumption
In this section, the results of DG fuel consumption with the mobile stator for Tables 2-4 show the recorded data including the minimum and maximum registered temperatures.
In order to clearly distinguish the effect of the Genset-Synchro Technology on fuel consumption, a comparison was made considering the variation of the stator speed. Figure 11 shows the comparison of the fuel consumption for the three different speeds.
According to Figure 11 , it can be seen that Genset-Synchro Technology achieve Figure 10 . Evaluation and comparison of the C-18 Tier III fuel consumption at +15˚C Vs −22˚C. An increase of 9.5% was recorded. 
Effect of the Genset-Synchro Technology on Greenhouse Gases (GHGs)
Emissions from diesel engine contribute to divers cardiovascular and respiratory diseases and cancer, in addition to water and soil pollution, visibility reductions and global climates changes [15] Table 5 shows the emissions rate when the DG is employed in standard mode (fixed stator) while Table 6 shows the emissions rate when DG use the Genset-Synchro concept. Given that the stator speed employed at 415 rpm offers the best economy on fuel, we just take this speed into consideration for comparison purposes.
Based on the data registered on Table 5 and Table 6 , it can be concluded that fuel economy achieved with the Genset-Synchro Technology has a positive impact on GHGs reduction. This impact is proportional to the amount of fuel saved. Table 7 shows the overall average of GHGs reduction when the stator is employed at 415 rpm.
Effect of the Genset-Synchro Technology on the Total Harmonic Distortion (THD)
THD is the measurement of electricity quality. Clean signal is considered good with a THD of less than of 6% and is frequently declared or promoted at 5% or less [18] . Higher heating due to iron and copper losses at the harmonic frequencies is a major effect of harmonic voltages and currents in rotating machines (induction and synchronous). Moreover, according to [19] , THD can increase by an amount of 2% due to the effect of vibration. In order to properly evaluate the effect of the Genset-Synchro concept on the signal quality at the output of the alternator, we have referred to the IEEE-519-2014 standard (Recommended practice and requirements for harmonic control in electric power systems). A power analyzer PM800 from Schneider electric is used, Figure 8 . On the other hand, it was important to know the current and voltage distortion limits for our system. Based on IEEE-519 standard, Table 8 and Table 9 show the current and voltage distortion limits for systems rated 120 V through 69 kV.
In order to refer to the right limit, we referred to the manual manufacturer for a C-18 diesel generator defined by Caterpillar for 3 phases, 600 V, 575 kW. Short circuit current is limited to 300%/10sec. which represents a TDD limit of 15%
and a voltage distortion limit of 8%.
In this context, we measured the THD limits in current and voltage with the conventional mode (fixed stator) for the purpose of comparing them later with the Genset-Synchro mode. Table 10 illustrates the THD limits in current and voltage for the conventional mode, while Table 11 illustrates the THD limits in current and voltage when the stator is employed at 415 rpm.
Based on our results, the Genset-Synchro mode shows an increase in the current and voltage harmonics level versus conventional mode. However, in order to confirms if the speed employed has an impact on the level of vibration and on the THD, we analyzed the recorded measurements when the speed of the stator Table 8 . Current distortion limits for systems rated 120 V -69 Kv [14] .
Short-circuit current load current Total demand distortion (TDD) limit <20 5%
-50 8%
50 -100 12% 100 -1000 15% >1000 20% Table 9 . Voltage distortion limits [15] and [19] . and Figure 13 show the difference in the THD rates in relation to the stator speed.
According to the IEEE-519 standard, the Genset-Synchro GS500X respect the current distortion limits, while the voltage distortion limits is higher by 3.4% at 50% of load. However, the generator used is oversized for the site. For this reason, it was not possible to evaluate the THD levels for high applied loads (>70%).
Conclusions
This paper presents the innovative feature of the Genset-Synchro Technology which originate from a rotational non-fixed stator design and a fuel savings evaluation for a DG that can be achieved by controlling the rotation of the stator. The experimental results show that significant fuel savings of 7% -9% can be obtained at low power loads ≤45% which can be very attractive for isolated communities were most of the DGs frequently run under low loads ≤40%. Furthermore, this fuel saving has reduced the level of GHGs by amount of 8% -9%.
Despites these advantages, the voltage harmonic distortion rate proves to be higher when the Genset-Synchro mode is employed. It has also been found that as the stator speed increases the THD increases due to the vibrations. According to the IEEE-519-2014 standard, it is mandatory to install a filter at the output of the generator to ensure that the voltage distortion rate remains between 6% -9% for all applied loads. On the other hand, the current distortion rate is lightly higher when Genset-Synchro mode is employed. However, the level remains below 4% limit required by the IEEE-519-2014 standard.
Since the generator used at James Bay is oversized for the site, it was not possible to load more than 48% and to cover all loads range under less optimal temperatures for the operation of the generator. Nonetheless, the Genset-Synchro
Technology is interesting (beneficial) to use in isolated sites whose access to the power grid is not possible and where the fuel deliveries are difficult during cold seasons. Based in our results, the fuel saving is projected to be 8% under low winter temperatures (−7˚C to −30˚C). For equivalent purposes, a 600 kW C-18 DG equipped by a Genset-Synchro alternator can achieve 6.8 l/h of fuel saving for a 50% applied load, which represents an annual fuel saving of 47,600 liters over 7000 hours of annual operation and 130,424 t CO 2 .
